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Abstract 
Published data from Australian and international sources are used to compile inputs and outputs for the combined system of fuel 
extraction and processing and electricity generation, for the cases of conventional natural gas, coal seam gas, and black coal fuels. A new 
method is being developed to assess the consequences of resource scarcity using mid-point impact indicators derived from established life 
cycle assessment methodology. When one particular resource such as natural gas is substituted by another resource such as coal, then the 
difference between the indicators corresponds to the environmental impact associated with this substitution. In this study, these 
differences are compared for the substitution of conventional gas with either black coal or coal seam gas to generate electricity. The 
results indicate lower cradle to gate impacts in global warming, acidification, particulates and solid waste generation as well as water 
consumption when substituting natural gas with coal seam gas. Conversely, substitution of conventional gas with black coal will result in 
overall higher impacts in these categories. However, coal seam gas involves greater withdrawal of underground water than in the case of 
the other fuels; this water requires treatment, involving production of a potentially damaging saline effluent. Potential risks may also exist 
arising from the large number of on-shore coal seam gas wells required per megajoule of fuel.  
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1. Introduction 
Resources are important commodities as they are required to produce higher value products or services. Resource 
depletion is an important issue which considers the availability of resources for future generations and highlights the need 
for stewardship of these natural resources. Depletion of a resource may lead to a possible scarcity of the resource, which 
could produce consequences such as disruption to services or to product manufacturing. However, it may be possible to 
substitute the scarce resource with another material, but each alternative has its own set of impacts and risks. The potential 
for resource depletion and other environmental impacts of a process can be quantified through indicators from a life cycle 
assessment. Current resource depletion indicators are limited to quantifying the resources consumption in relation to the 
resource reserves. Indicators of this kind do not reflect the consequences of extracting resources over time as the resource 
becomes scarcer or more difficult to extract. Suitable indicators are required which take into account resource depletion and 
its associated consequences. 
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Electricity generation is an example of a process that consumes resources such as fossil fuels. In 2008, Australia had a 
total electricity generation capacity of 49 gigawatts, 53.8% produced from black coal, 22.5% from brown coal, 15.9% from 
natural gas, both conventional and unconventional, and the remaining 7.8% from oil and renewables [1]. Electricity 
generation using conventional gas and coal seam gas (CSG) is also gaining momentum in Australia as a total of 35 projects, 
with a combined capacity of 11 gigawatts, were reported to be in the early stages of development as of October 2009 [1]. It 
was projected that gas sources will account for an increasing proportion of electricity generation into the future.  
Several Australian studies have compared greenhouse gases produced from electricity generation from different 
Australian energy sources, including black coal, conventional gas and CSG [2][3][4][5]. Not all of these studies included 
water consumption and other air emissions that may contribute towards environmental burdens such as acidification and 
photochemical smog. Furthermore, all life cycle data for natural gas and CSG are mainly focused on liquefaction, export 
shipping, regasification and combustion in overseas countries rather than for domestic electricity generation. Water 
consumption is a topic of much relevance to Australia where water resources are frequently under stress due to droughts and 
other external factors. CSG in particular draws significant quantities of poor quality water from the ground, averaging 
around 14.2 gigalitres (GL) in the 2008-2009 financial year [6]. This paper aims to perform an analysis of the environmental 
impacts of electricity produced from fossil fuels and to develop suitable indicators to measure the sustainability of each fuel 
option. The indicators proposed in this study use the difference in impacts for fuel substitution to reflect the consequences of 
resource scarcity.  
2. Methodology 
Resource substitution is defined in this study as the total substitution of an entire resource within the system boundary of 
the process. The system boundary in this study includes the extraction, purification and the power generation stages of 
electricity generation as shown in Fig. 1. It was assumed that the power plant is close to the extraction plant, so impacts 
from transportation of resources are excluded from the system boundary. The analysis is cradle-to-gate and the system 
boundary stops at the exit point of the power plant, so transmission of electricity and the final usage is not included. The 
stages included in the system boundary are explained in further detail in Sections 2.1 and  2.2 and diagrams for these system  
 
 
 
 
 
 
 
 
Fig. 1. Simplified diagram of the extraction, purification and power generation stages in electricity generation from fossil fuel resources. The dotted line 
represents the system boundary, which includes inputs, emissions and waste. 
Table 1: Composition of Australian conventional gas, coal seam gas and black coal at point of extraction 
Substance Conventional gas (mol%) 
[7] 
Coal seam gas (CSG) 
(mol%) [8][9] 
 Substance Black coal (BlC) (wt%) [10] 
 
Methane 43.8  91.6 95.9 - 97.5  Carbon 60.2 
Ethane 3.2  37.8 0.0 - 0.1  Hydrogen 3.8 
Propane 0.4  6.39 -  Nitrogen 1.3 
Butane 0.0  1.2 -  Oxygen 5.6 
C5+ 0.0  2.59 -  Sulfur 0.4 
Nitrogen 0.5  9.8 2.3  Water 7.5 
Carbon dioxide 0.1  13.6 0.2-0.3  Ash 21.2 
Moisture - 0-1.6  Other 0.0 
 
Extraction Purification Electricity Resource Power Generation 
Other inputs (e.g. Electricity, water, etc.) 
Emissions, waste 
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boundaries are given in Fig. 2. The basis for comparing for all three cases is the net generation of 1 megawatt-hour (MWh) 
of electricity. The compositions of conventional natural gas, CSG and black coal according to Australian sources are given 
in Table 1. The composition of black coal is characteristic of coal from the Hunter Valley, New South Wales [10]. 
Australian conventional gas and black coal LCA data were used in this study and include a range of inputs and outputs [2], 
whereas coal seam gas data were derived from Australian liquefied natural gas projects [8][9]. The system input and output 
data for black coal, as well as conventional gas and CSG are shown in Tables 2 and 3. 
 
2.1 Extraction and processing 
2.1.1 Conventional natural gas 
The natural gas feedstock in this study is assumed to be associated gas, where it exists with other hydrocarbons, such as 
liquefied petroleum gas (LPG) sources, condensates and crude oils, along with impurities such as hydrogen sulphide (H2S), 
carbon dioxide (CO2), nitrogen (N2) and mercury. In Fig. 2 (a), gas is extracted from a producing well together with the 
hydrocarbon liquids either on land or offshore. It then passes through phase separation equipment, which separates the 
liquid and gas, and is transported by pipeline to a processing plant, which extracts hydrocarbons such as propane and butane 
from the gas, and removes the impurities. It is then compressed into a high pressure gas pipeline and delivered to the power 
plant. 
2.1.2 Coal seam gas 
CSG resources exist mainly onshore and have an average composition of 97.5 mol% methane, with the rest being 
nitrogen, carbon dioxide and ethane [8]. Helium and argon exist in very small quantities (0.04 and 0.01 mol% respectively), 
as well as traces of hydrogen and heavier hydrocarbons (<0.01mol%) [11]. A diagram of the CSG system is shown in (b). 
CSG extraction requires more wells than conventional natural gas: The annual number of onshore CSG wells drilled in 
Australia was around 600 in 2011  [12], and the Queensland Curtis LNG Project (QCLNG) based on CSG reported an 
average of 500 onshore wells will be drilled over the life of the project [13]. In comparison, 18 offshore wells and 46 
onshore wells were drilled in 2008 for conventional gas and associated gas across all states in Australia, with 69% of the 
total wells drilled being recoverable [14]. CSG extraction involves creating fractures in underground coal seams and 
pumping water out to reduce the pressure, thus releasing the adsorbed methane in the coal seams. In some cases, the 
extraction may be assisted by hydraulic fracturing. The associated water produced from the CSG wells is either pumped to a 
water treatment plant for desalination, discharged into the environment, reinjected into coal seam wells, or treated for 
beneficial uses. The desalination plant from the QCLNG project is reported to produce 10 megalitres (ML) of brine per day, 
with the recovery yield from reverse osmosis of 90 per cent treated water and 10 per cent saline brine [8]. The quantities of 
treated and untreated water in Table 2 were calculated based on the associated water and treatment data from Queensland 
Gas Company (QGC). The material input and output data for CSG extraction and purification are taken from environmental 
impact statements (EIS) for liquefied natural gas projects. As shown in Table 2
roject (QCLNG) and the Australia Pacific LNG 
Project (APLNG) has been used to calculate impacts over the whole system in Table 3. Calculations required the heating 
value of CSG, and this was assumed to be equivalent to the heating value of methane, which is 55.56 MJ/kg [15]. If data is 
Table 2 and Table 3. 
2.1.3 Black coal 
The majority of black coal resources in Australia are located in Queensland and New South Wales. Black coal is 
extracted from either open cut mines or underground mines. Overburden needs to be removed to allow access to the coal. 
The black coal is then transported to stockpiles by haulers or conveying systems. Water is used mainly in the coal handling 
and preparation plant, in the industrial area and for dust suppression. Black coal mining uses a combination of fresh, poor 
quality and recycled water, and companies aim to minimise freshwater use and maximise recycled water. Freshwater 
sources are sourced from either rainfall, groundwater seepage or pumped from an external source [16]. Droughts will 
heavily affect the amount of water pumped from external sources, hence annual freshwater use varies over time. BHP 
Billiton reported very minimal underground dewatering and groundwater use for the Mt. Arthur mine, and this was reported 
as associated water for black coal extraction in Table 2 [17]. 
 
 Gas Today Australia quoted the exact same number of wells drilled for 2008 from the Queensland Department of Mines and Energy. 
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2.2. Electricity generation 
2.2.1. Natural gas (Combined cycle gas turbine) 
In combined cycle gas turbine (CCGT) power generation, gas turbines produce electricity directly (approximately 65% 
of the net electricity output) and steam turbines produce additional electricity using the heat of the exit gas from the gas 
turbine [18]. This configuration utilises less water than using only a steam turbine cycle. Freshwater is used as cooling water 
make-up, and high quality water is used as boiler water make-up, turbine cooling and for general uses. Recirculated cooling 
systems are commonly used rather than once-through cooling because the water usage is lower, though more water is lost 
through evaporation.  
2.2.2. Black coal (Sub-critical pulverised coal steam turbine) 
 In pulverised coal power generation, coal is first crushed into a fine powder before being fed into a boiler. The heat 
produced from the combustion generates steam that is expanded through a steam turbine to produce electricity. Recirculated 
cooling systems are used in this system. Bottom and fly ash handling systems are also required, and particulate emissions 
are typically controlled using electrostatic precipitators or fabric filter systems. It was assumed that control of SO2 and NOx 
emissions are not necessary due to the low levels of sulphur and nitrogen in Australian black coal (0.4% and 1.3-1.4% 
respectively [2]). The data in Table 3 corresponded to a sub-critical coal power plant, which will produce more emissions 
and consume more resources than a super-critical or ultra-supercritical power plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. System boundaries of a fossil fuel extraction, purification and electricity generation using (a) conventional gas (b) coal seam gas (c) black coal 
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Table 2: Input and output data for extraction and purification stage in net production of 1 tonne of resource [2][8][9][17] 
Resource Natural gas 
(NG) 
Coal seam gas (CSG) Black coal (BlC) 
QGC Origin 
Inputs     
Raw resource (t/t) a 1.20 1.04 b n/a 1.00 
Freshwater (t/t) 9.90x10
-2 3.16x10-2 9.08x10-2 7.97x10-1 
Associated water (t/t) 1.63 6.28 5.43 4.02x10
-4 c 
Municipal water (t/t) d n/a 6.28x10
-3 1.16x10-2 4.56x10-8 
Consumption     
  Fuel (t/t) e 2.02x10-1 3.96 x10-1 n/a n/a 
  Electricity (MWh/t) n/a 3.14x10
-4 n/a 1.97x10
-2 
  Water (t/t) f 7.8x10-3 g n/a n/a 6.76x10
-1 
Outputs     
  Resource delivered to power plant (t) 1.00 1.00 1.00 1.00 
  CO2 (t/t) 8.48x10-1 1.71x10-1 1.39x10-1 4.71x10-3 
  CH4 (t/t) 8.99x10-3 2.09 x10-4 1.70x10-4 3.52x10-3 
  NMVOC (t/t) 3.41x10-3 6.84x10-4 1.59x10-4 7.29x10-6 
  N2O (t/t) 4.70x10-5 1.28x10-6 1.04x10-6 1.35x10-7 
  NOx (t/t) 5.35x10-3 1.13x10-3 5.80x10-4 6.79x10-5 
  CO (t/t) 1.50x10-3 4.53x10-4 1.94x10-3 2.63x10-5 
  SO2 (t/t) 4.92x10-4 n/a 2.33x10-3 1.38x10-5 
  Wastewater (t/t) h 9.12x10-2 n/a n/a 1.21x10-1 
  H2S (t/t) 1.06x10-10 n/a n/a n/a 
  Untreated water (t/t) n/a 2.31 n/a n/a 
  Desalinated water (t/t) n/a 3.53 n/a n/a 
  Brine water (t/t) n/a 3.93x10-1 n/a n/a 
  Particulates 1.02x10-4 n/a 2.54x10-7 2.80x10-6 
  Solid wastes 3.62x10-3 n/a n/a n/a 
a Data includes resource delivered to power plant and resource consumed in mining and processing stage. 
b Data does not account for resource combusted to generate heat (e.g. for tri-ethylene glycol dehydration system). 
c Data sourced from Mt Arthur mine owned by BHP Billiton. Figures were reported in 2010. [17]  
d Assumed no consumption during process and 100% flow to wastewater. 
e Feed used as fuel; difference between the raw resource and resource delivered to power plant. 
f Includes water consumed, evaporated or lost during the process. 
g Some water is consumed to form drilling mud; does not appear in wastewater. 
h Discharge water calculated from freshwater and municipal water minus consumption; does not include sewerage. 
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3. Results 
3.1. Global warming potential indicators and other air emissions 
Natural gas CCGT power plants have relatively high efficiencies and can generate the same amount of electricity using 
less fuel and emitting less greenhouse gases than coal plants. One source concluded that CSG extraction and processing 
would generate more greenhouse gas emissions than conventional gas [2]. This is largely due to the large number of wells 
required for CSG extraction that contribute to the release of fugitive emissions for every tonne of fuel produced. However, 
conventional gas also requires more purification stages to remove components such as heavier hydrocarbons and carbon 
dioxide compared to CSG, and this contributes to greenhouse gas emissions. Black coal was also expected to generate more 
greenhouse gas emissions than conventional gas [2], with methane leakage from coal mines alone exceeding that from 
conventional gas [4]. However, according to another source, the black coal extraction and processing stage produces the 
least greenhouse gas emissions [3]. The CO2 emissions and fuel consumption values in Table 3 agree with those from US 
and Australian baseline coal and CCGT power plants [10][18]. Table 3 shows that the magnitude of air emissions from the 
extraction and processing stage of conventional gas and CSG systems (with the exception of CO2, NOx for CSG and N2O 
for conventional gas) are higher than from the electricity generation stage, thus indicating the importance of including the 
upstream processes for gas. 
3.2. Water consumption indicators 
Freshwater usage is found to be higher for the black coal system compared to conventional gas and CSG. This was due to 
the large quantities of coal processed in the mining stage and large cooling water requirements for steam condensing in the 
generation stage. The freshwater usage found in Table 3 was slightly higher than the freshwater usage of a range of 
Queensland mines in 2011 [16]. As for generation, CCGT power plants use gas turbines, and this lowers the water usage 
compared to steam cycles, hereby decreasing the low quality water usage. The data agreed well with other electricity 
generation studies using cooling towers or recirculated cooling [19][20]. As for the CCGT power plant, a value of 0.68 
tonnes of evaporation produced per megawatt-hour was used based on a recirculated cooling for the CCGT power plant 
[20].  
Raw water withdrawal represents the water withdrawn from natural sources such as rivers, estuaries and underground 
aquifers. Raw water withdrawal is an inherent part of the CSG extraction process and poses potential risks and impacts to 
the underground aquifers and to the communities who depend on the water sources. The associated water often requires 
treatment (e.g. reverse osmosis) which can be capital and energy intensive, and produces waste brine with a high salt 
content to be disposed or sold off. The National Water Commission of Australia released a report indicating that CSG 
production generated an average of 5 tonnes of associated water for every tonne of CSG produced. This is still lower than 
the data found in Table 2 and is much higher than conventional natural gas and black coal. One U.S. source argued that 
conventional natural gas has a lower extraction-related water footprint than unconventional sources, as conventional wells 
do not require hydraulic fracturing [19]. However, the fact that only 8 per cent of wells in Queensland required hydraulic 
fracturing may indicate that this is less significant in the Australian context [21]. Water consumption is suitable as an 
indicator for water usage in the whole system and the technology used in each process. Freshwater and associated water 
withdrawal can be used as an indicator to represent the impacts of withdrawing water sources from the environment, but this 
will not always be consistent as this can be reduced by introducing water savings from recycle streams and if supplemented 
with rainwater collection, this may reduce the need for surface and groundwater use.  
4. Discussion  
The inventory data in Table 3 are chosen to best represent power plants in an Australian location for the technology 
chosen for each feedstock. Using these data, a resource depletion methodology can be used to explore impacts caused by 
resource substitution. Similar substances which contribute to the same mid-point category environmental impact are 
aggregated using characterisation factors for life cycle assessments [22]. The results of this categorisation step is 
summarised in Table 4. CH4, and N2O emissions were characterised as greenhouse gases and aggregated by their global 
warming potential as equivalent to 25 and 298 times CO2 dioxide for a 100-year time horizon [23]. H2S and NOx emissions 
were characterised by their acidification potential relative to SO2. CO, CH4, NOx and SO2 emissions were characterised by 
their photochemical smog forming potential relative to ethylene (C2H4). Particulates and solid wastes are also characterised 
for each system. Two impact categories were chosen as suitable indicators for the consequences of water scarcity. The 
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Table 3: Input and output data for both extraction, processing stages and generation stage for production of 1 MWh of electricity 
Resource Conventional natural gas 
(CCGT-NG) 
Coal seam gas (CCGT-CSG) Black coal (PCST-BlC) 
LCA stage Extraction and 
processing 
Generation Extraction and 
processing 
Generation Extraction and 
processing 
Generation 
Inputs       
  Raw resource (t/MWh) 1.68x10-1 - 1.46x10-1 - 4.49x10-1 - 
  Freshwater (t/MWh) 1.39x10-2 9.87x10-1 8.57x10-3 9.87x10-1 3.58x10-1 1.78 
  Associated water (t/MWh) 2.29x10-1 n/a 8.20x10-1 n/a 1.80x10-4 n/a 
  Municipal water (t/MWh) n/a 1.14 x10-1 1.25x10-3 1.14 x10-1 2.05 x10-8 1.97x10-1 
Consumption       
  Fuel (t/MWh) 2.83x10-2 1.40x10-1 5.55x10-3 1.40x10-1 n/a 4.49x10-1 
  Electricity (MWh/MWh) n/a 5.31x10-2 4.66x10-5 5.31x10-2 8.85 x10-3 5.37x10-2 
  Water (t/MWh) a 1.10x10-3 6.80x10-1 b n/a 6.80x10-1 b 3.04x10-1 1.51 
Outputs       
  Resource to power plant (t/MWh) 1.40x10-1 - 1.40x10-1 - 4.49x10-1 - 
  CO2 (t/MWh) 1.19x10-1 3.80x10-1 2.17x10-2 3.80x10-1 2.11x10-3 9.83x10-1 
  CH4 (t/MWh) 1.26x10-3 1.59x10-5 2.66x10-5 1.59x10-5 1.58x10-3 9.85x10-6 
  NMVOC (t/MWh) 4.77x10-4 8.90x10-6 5.91x10-5 8.90x10-6 3.27x10-6 1.84x10-5 
  N2O (t/MWh) 6.58x10-6 6.97x10-6 2.39x10-4 6.97x10-6 6.06x10-8 8.64x10-6 
  NOx (t/MWh) 7.49x10-4 4.97x10-4 8.12x10-5 4.97x10-4 3.05x10-5 3.20x10-3 
  CO (t/MWh) 2.10x10-4 2.39 x10-5 1.57x10-4 2.39x10-5 1.18x10-5 1.19x10-4 
  SO2 (t/MWh) 6.89x10-5 3.47 x10-6 3.27x10-4 3.47x10-6 6.20x10-6 4.01x10-3 
  H2S (t/MWh) 1.48x10-11 n/a n/a n/a n/a n/a 
  Wastewater (t/MWh)  1.28x10-2 4.21x10-1 n/a 4.21x10-1 5.43x10-2 4.67x10-1 
  Untreated water (t/MWh) n/a n/a 3.23x10-1 n/a n/a n/a 
  Desalinated water (t/MWh) n/a n/a 4.95x10-1 n/a n/a n/a 
  Brine water (t/MWh) n/a n/a 5.50x10-2 n/a n/a n/a 
  Particulates (t/MWh) 3.61x10-5 2.29x10-5 3.56x10-8 2.29x10-5 1.26x10-6 4.77x10-4 
  Ash (t/MWh) n/a 1.64x10-8 n/a 1.64x10-8 n/a 8.41x10-2 
  Solid wastes (t/MWh) 1.28x10-3 n/a n/a n/a n/a n/a 
a Includes water consumed, evaporated and lost in the process. 
b Evaporation rate for recirculated cooling CCGT system was taken from Smart and Aspinall. [20] 
 
water consumption potential is the difference between the water going in (i.e. freshwater, associated water and municipal 
water) and the water leaving the processes (i.e. wastewater, brine, untreated and treated water). Therefore, this category 
includes the water lost by evaporation and other uses such as water used to make the drilling mud in well development. The 
raw water withdrawal potential indicates the total water supplied to the processes regardless of its source and therefore  
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consists of municipal water, freshwater and associated water. The first water indicator reflects the prevention of water from 
returning to the environment and replenishing natural water supplies, whereas the second reflects the social impacts of water 
depletion due to the decreasing availability of water for other stakeholders.  
The mid-point impact indicators were then converted into resource substitution indicators. The methodology was first 
demonstrated by Rimos, Hoadley and Brennan in 2011 with electricity and hydrogen systems [24]. In this study, it was 
assumed that conventional natural gas sources have been severely depleted, thus forcing an alternative electricity generation 
process using a different feedstock to be brought online to generate the same amount of electricity. The basis chosen for the 
indicators is impacts per tonne of conventional natural gas replaced. This is obtained by using a conversion factor of 5.94 
tonnes of natural gas replaced for every megawatt-hour produced. The resulting indicators are reported in Table 5. The 
results show that replacing conventional natural gas with coal seam gas for electricity generation will result in an overall 
decrease in impacts with the exception of raw water withdrawal potential. On the other hand, replacing conventional natural 
gas with black coal to generate electricity will result in an overall increase in impacts with the exception of photochemical 
smog formation potential. The most desirable alternative feedstock will result in the highest decrease in impacts. In this 
study, coal seam gas is the better alternative, as all its mid-
higher raw water withdrawal in the black coal system outweighs the positive raw water withdrawal potential of coal seam 
gas.  
The resource substitution indicators prove to be as effective as a life cycle assessment, but the indicators have an 
additional meaning that reflects the resulting impacts from replacing one resource with another. Further work will include 
assessing the economic and social impacts to give a bigger picture on the consequences of resource depletion. Other 
environmental impacts have yet to be examined, such as land use impacts resulting from well drilling and pipeline 
excavation, and additional impacts produced from storage and disposal of the brine effluents from water treatment. Where 
previous resource depletion indices have not focused on the consequences of resource scarcity, this new methodology 
introduced meaningful indicators that offer a wider perspective on these consequences and can be used to include a wide 
range of impact categories. 
5. Conclusion 
Material inputs and emissions were gathered from various sources to quantify the impacts of electricity generation using 
conventional natural gas, coal seam gas and black coal. The inventory data over the extraction, purification and generation 
stages were then characterised into mid-point impact categories and finally converted into resource substitution indicators 
assuming the substitution of conventional natural gas. The upstream processes for conventional gas and CSG systems 
produced higher impacts for air quality than for the generation stage. The upstream processes are higher than the upstream 
processes of black coal. However, the greenhouse gas and water usage intensity of the generation stage still outweigh the 
upstream stages for all three feedstock and dominate the overall system score. CSG was revealed to be the better alternative 
compared to black coal, due to its favourable scores in all seven mid- point impact categories. Although the raw water 
Table 4: Environmental impact indicators for electricity generation from different feedstock 
Mid-point impact categories 
Conventional gas  
(CCGT-NG) 
Coal seam gas  
(CCGT-CSG) 
Black coal  
(PCST-BlC) 
Extraction and 
processing 
Generation Extraction and 
processing 
Generation Extraction and 
processing 
Generation 
Global warming potential (t CO2-e/MWh) 1.52x10
-1 3.82x10-1 9.37x10-2 3.82x10-1 4.16x10-2 9.86x10-1 
Acidification potential (t SO2-e /MWh) 5.94x10
-4 3.51x10-4 3.83x10-4 3.51x10-4 2.75x10-5 6.25x10-3 
Photochemical smog formation potential (t 
C2H4-e /MWh) 
5.15x10-4 2.37x10-5 8.14x10-5 2.37x10-5 1.42x10-5 3.04x10-4 
Water consumption potential (t/MWh) 1.10x10-3 6.80x10-1 n/a 6.80x10-1 3.04x10-1 1.51 
Raw water withdrawal potential (t/MWh) 2.43x10-1 1.10 8.30x10-1 1.10 3.58x10-1 1.98 
Particulate formation potential (t/MWh) 3.61x10-5 2.29x10-5 3.56 x10-8 2.29x10-5 1.26x10-6 4.77x10-4 
Solid waste formation potential (t/MWh) 1.28x10-3 1.64x10-8 n/a 1.64x10-8 n/a 8.41x10-2 
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Table 5: Resource substitution impact indicators obtained using inventory data from the extraction, processing and generation stage. Electricity generation 
and resource consumption data for the year 2008 was used. 
Resource 
Conventional natural gas replaced 
with CSG 
Conventional natural gas 
replaced with black coal 
Global warming potential (t CO2-e/t NG substituted) -3.48x10
-1 2.93 
Acidification potential (t SO2-e/t NG substituted) -1.25x10
-3 3.17x10-2 
Photochemical smog formation potential (t C2H4-e/t NG substituted) -2.58x10
-3 -1.31x10-3 
Water consumption potential (t/t NG substituted) -6.51x10-3 6.73 
Raw water withdrawal potential (t/t NG substituted) 4.92 13.9 
Particulate formation potential (t/t NG substituted) -2.14x10-4 2.49x10-3 
Solid waste formation potential (t/t NG substituted) -7.61x10-3 4.92x10-1 
 
withdrawal potential of CSG remained positive, substitution to black coal produced a higher increase which outweighed that 
of coal seam gas substitution. However, the use of CSG is relatively new to Australia, and it is possible that data relating to 
fugitive emissions and water consumption may require validating when further production comes on line. This study is part 
of a wider study of natural gas depletion within Australia. The resource substitution indicators developed in this work will 
be a valuable tool in quantifying the risks and consequences of resource scarcity. 
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